Abstract.-A phylogenetic tree for acrodont lizards (Chamaeleonidae and Agamidae) is established based on 1434 bases (1041 informative) of aligned DNA positions from a 1685-1778 base pair region of the mitochondrial genome. Sequences from three protein-coding genes (ND1, ND2, and COI) are combined with sequences from eight intervening tRNA genes for samples of 70 acrodont taxa and two outgroups. Parsimony analysis of nucleotide sequences identifies eight major clades in the Acrodonta. Most agamid lizards are placed into three distinct clades. One clade is composed of all taxa occurring in Australia and New Guinea; Physignathus cocincinus from Southeast Asia is the sister taxon to the Australia-New Guinea clade. A second clade is composed of taxa occurring from Tibet and the Indian Subcontinent east through South and East Asia. A third clade is composed of taxa occurring from Africa east through Arabia and West Asia to Tibet and the Indian Subcontinent.
gions of Asia that are composed of Laurasian plates (Fig. 1) .
The successive migration of land masses across the Tethys Sea from Gondwanaland to Laurasia provides an intriguing biogeographic situation. Taxa in Asia may have different histories based on the accretionary events of Gondwanan plates. Here, a study is conducted on acrodont lizards, a Gondwanan group, to illustrate how different Gondwanan origins of Asian species may be identified phylogenetically.
Acrodont lizards inhabit the following Gondwanan plates adjacent to or part of Asia ( Fig. 1 ): Africa-Arabia, which connected with Asia 18 MYBP; India, which connected with Asia 50 MYBP; and Southeast Asia, which connected with Asia in three main accretionary events 120 MYBP or earlier (Indochinese blocks; Metcalfe, 1996; Richter and Fuller, 1996) , 65 MYBP (small terranes to the south of Indochina; Metcalfe, 1996) , and 10 MYBP (small island terranes as far north as Sulawesi; Hall, 1996) . Acrodont lizards also occur in the following Gondwanan plates, which are not adjacent to Asia: Australia-New Guinea, Madagascar, and the Seychelle Islands. Other regions of Asia such as Turkey, Iran, Afghanistan, Tibet, and eastern China are composed of numerous blocks that accreted to Asia earlier, preceding the formation of the Acrodonta (Dercourt et al., 1986; Sengör, 1984; Sengör et al., 1988; Macey et al., 1997c) ; these regions make up the southern margin of the growing northern continental area termed Laurasia.
Taxa associated with a particular Gondwanan plate are expected to have deep divergences (endemic clade or basal paraphyletic group) associated with that Gondwanan plate and nested taxa in adja-234 SYSTEMATIC BIOLOGY VOL. 49 FIGURE 1. Major tectonic regions inhabited by the Acrodonta. The Eurasian portion of Laurasia is depicted as northern land masses that conglomerated prior to the collisions of Southeast Asia, India, and Arabia. The region shown as Southeast Asia is actually several plates. Africa and Arabia were previously connected, and Australia and New Guinea constitute a single plate. The small Gondwanan fragments of the Seychelle Islands (not shown) to the northeast of Madagascar are inhabited by species of the Chamaeleonidae not sampled for this study.
tochondrial gene order , a character that is highly unlikely to show parallelisms or reversals (Macey et al., , 2000 . Outgroup structure is based on the phylogenetic hypothesis of Macey et al. (1997c) . Two iguanid outgroups are used, Basiliscus plumifrons from the New World and Oplurus cuvieri from the Old World. These taxa are selected to cover a broad level of divergence within the acrodonts' sister taxon, the Iguanidae .
MATERIALS AND METHODS

DNA Extraction and Sequencing
See the Appendix for museum numbers and localities for voucher specimens from which DNA was extracted and for the GenBank accession numbers.
Genomic DNA was extracted from liver by using the Qiagen QIAamp tissue kit. Genomic DNA was amplified by using denaturation at 94°C for 35 sec, annealing at 50-53°C for 35 sec, and extension at 70°C for 150 sec, with 4 sec added to the extension per cycle, for 30 cycles. Negative controls were run for all amplifications. Amplified products were purified on 2.5% Nusieve GTG agarose gels and reamplified under similar conditions. Reamplified double-stranded products were purified on 2.5% acrylamide gels (Maniatis et al., 1982) . Template DNA was eluted from acrylamide passively over 3 days with Maniatis elution buffer (Maniatis et al., 1982) . Cyclesequencing reactions were run with the Promega fmol DNA sequencing system, using denaturation at 95°C for 35 sec, annealing at 45-60°C for 35 sec, and extension at 70°C for 1 min, for 30 cycles. Sequencing reactions were run on Long Ranger sequencing gels for 5-12 hr at 38-40°C.
Amplifications from genomic DNA were done with different primer combinations (Table 1) . Most samples were amplified with L3878, L3881, L3887, L4160, or L4178b in combination with H4980. In addition, most samples were amplified with L4437 in combination with H5934. Other primers used for amplifications were as follows: L3002 in combination with H4419a, H4419b, H4419c, or H4629; L4160, L4178a, L4178b, or L4831 in combination with H5934; L4437 in combination with H5617a or H5617b; cent regions of Asia, or at least to show a sister-group relationship between taxa on a particular Gondwanan plate and taxa in adjacent regions of Asia (Fig. 2) .
To assess phylogenetic relationships of acrodont lizards, we sequenced a 1685-1778 base pair segment of mitochondrial DNA from 70 ingroup species and two outgroup species (12 of these sequences were reported previously by Macey et al., 1997a Macey et al., , 1997c Macey et al., , 1998a . Our study focuses on the Agamidae. Our sampling represents 21% of the agamid species (68 of , 320) and 64% of the agamid genera (36 of 56); in addition, we include two representatives of the Chamaeleonidae. The region sequenced extends from the protein-coding gene ND1 (subunit one of NADH dehydrogenase) through the genes encoding tRNA Gln , tRNA Ile , tRNA Met , ND2, tRNA Trp , tRNA Ala , tRNA Asn , tRNA Cys , tRNA Tyr , to the proteincoding gene COI (subunit I of cytochrome c oxidase), (see Macey et al., 2000) . Monophyly of the Acrodonta is extremely well supported by morphology (Frost and Etheridge, 1989) and mitochondrial DNA sequences , including the unambiguous presence of a derived mi-2000 MACEY ET AL.-TETHYS MIGRATION AND ACRODONT LIZARD PHYLOGENETICS 235 FIGURE 2. Expected phylogenetic topology for taxa originating on a Gondwanan plate. Taxa that have rafted with a particular Gondwanan plate are expected either to have deep divergences associated with that Gondwanan plate with nested taxa in adjacent regions of Asia, or at least to show a sister-group relationship between taxa on a particular Gondwanan plate and taxa in adjacent regions of Asia.
and L5550 in combination with H6564. L3002 is from Macey et al. (1997a) and H6564 is from Macey et al. (1998a) ; these primers were not used for sequencing. Both strands were sequenced by using the primers listed in Table 1 and L3878 (Macey et al., 1998b) , L3881, L3887, L4178a, L4178b, H4419a, L4645, L4831, H4980, L5002a, H5540, L5556, H5617a, H5617b, L5638a, L5638b, H5934, H5937 (all from , L4160 (Kumazawa and Nishida, 1993) , L4437 , and L5002b (Schulte et al., 1998) .
Phylogenetic Analysis
Alignment of DNA sequences for phylogenetic inference in acrodont lizards was particularly difficult because of complex changes in major structural features of the mitochondrial genome (Macey et al., 2000) . DNA sequences encoding part of ND1, all of ND2, and part of COI were aligned by amino acids with use of MacClade (Maddison and Maddison, 1992) . Alignments of sequences encoding tRNAs were constructed manually, based on secondary structural models (Kumazawa and Nishida, 1993; Macey and Verma, 1997) . Secondary structures of tRNAs were inferred from primary structures of the corresponding tRNA genes by using these models. Unalignable sequences from the three length-variable loop regions (D, T, and variable loops) of encoded tRNAs and some length-variable intergenic regions were excluded from phylogenetic analyses (see Results and supplemental information on the Systematic Biology Website: http:// www.utexas.edu/ depts/systbiol).
Phylogenetic trees were estimated by PAUP* beta version 4.0b1 (Swofford, 1998) , using 100 heuristic searches with random addition of sequences. Bootstrap resampling was applied to assess support for individual nodes by using 500 bootstrap replicates with 25 random additions per replicate. Decay indices (= "branch support" of Bremer, 1994) were calculated for all internal branches of the trees. To calculate decay indices, a phylogenetic topology containing the single node in question was constructed with MacClade (Maddison and Maddison, 1992) and analyzed as a constraint in PAUP* beta version 4.0b1 (Swofford, 1998) with 100 heuristic searches featuring random addition of sequences. These searches retained trees that violated the imposed constraint. The decay index was then tabulated as the difference in length between the shortest tree violating the constraint and the overall shortest tree.
The Wilcoxon signed-ranks test (Templeton, 1983; Felsenstein, 1985) was used to examine statistical significance of the overall equally shortest trees relative to alternative hypotheses. This test asks whether the most-parsimonious tree is significantly shorter than an alternative or whether their differences in length can be attributed to chance alone (Larson, 1998) . Wilcoxon signed-ranks tests were conducted both as one and two-tailed tests. Felsenstein (1985) showed that one-tailed probabilities are close to the exact probabilities for this test but are not always conservative, whereas 236 SYSTEMATIC BIOLOGY VOL. 49 TABLE 1. New primers used in this study. Primers are designated by their 39 ends which correspond to the position in the human mitochondrial genome (Anderson et al., 1981) by convention. H and L designate primers that extend the heavy and light strands, respectively. Positions with mixed bases are labeled with standard one-letter codes: R = G or A, Y = T or C, K = G or T, and N = any base. (Templeton, 1983; Felsenstein, 1985) . If no single tectonic region spans the deepest divergence within a clade, the ancestral area cannot be identified unambiguously. 5. Statistical tests. Alternative hypotheses for the statistical tests identified in the previous paragraph are constructed as follows for each clade in which an ancestral area can be inferred. First, an alternative tree is found by constraining any species or group from a tectonic region other than the inferred ancestral region to be the sister taxon to the remaining species in the clade. This operation may produce a tree in which no single tectonic region spans the root of the clade under investigation. If this topology cannot be rejected as significantly less parsimonious than the overall shortest tree, the ancestral area for the clade cannot be inferred unambiguously. If this alternative topology is rejected, additional topologies that challenge the initial interpretation of ancestral area must be tested against the overall shortest tree.
Two approaches are used to identify the shortest alternative topologies for which species from an alternative tectonic region occur on both sides of the root within the clade under investigation, or in which no single tectonic region has species located on both sides of the root. These trees are then tested against the overall shortest tree to see if they are significantly less parsimonious (Fig. 3) . The first approach examines all possible constraint trees (Fig. 3) that permit an alternative tectonic plate to be inferred as an equally or more likely region of origin for a clade under investigation. This approach is impractical if the number of taxa that must be constrained to specify alternative hypotheses exceeds six. Alternatively, the two-tailed test is always conservative. Tests were conducted with PAUP* beta version 4.0b1 (Swofford, 1998) , which incorporates a correction for tied ranks.
Alternative phylogenetic hypotheses were tested by using the most-parsimonious phylogenetic topologies that were compatible with them. To find the mostparsimonious tree(s) compatible with a particular phylogenetic hypothesis, phylogenetic topologies were constructed by using MacClade (Maddison and Maddison, 1992) and analyzed as constraints in PAUP* beta version 4.0b1 (Swofford, 1998) with 100 heuristic searches and random addition of sequences.
Evaluating the Tectonic Origin of Faunal
Elements on Gondwanan Plates We used the following procedure to identify an area cladogram and test it against alternatives with the Wilcoxon signed-ranks test (Templeton, 1983; Felsenstein, 1985) .
1. Major clades. Identify clades that are potentially well supported by using bootstrap values and decay indices. Clades that are supported by at least 95% bootstrap value and a corresponding decay index of at least four (Felsenstein, 1985) should be considered potentially well supported. 2. Area cladogram. For each major clade revealed in step 1, identify association of each included species with one of the Gondwanan plates or with Laurasia. This step is equivalent to constructing an area cladogram by using tectonic plates as areas. 3. Monophyly tests. For each major clade, find the shortest alternative tree that disrupts the clade and use the Wilcoxon signed-ranks test (Templeton, 1983; Felsenstein, 1985) to determine whether the alternative tree is significantly less parsimonious than the overall most-parsimonious tree. Major clades that are supported statistically are examined for historical association with particular Gondwanan plates (see below). 4. Ancestral areas of clades. Identify the ancestral area for each major clade from steps 1 and 3. If all taxa in a clade are as-approximate constraints can be used. This approach differs from the more thorough approach by keeping intact the subgroups that are well supported in the overall shortest tree by high bootstrap values and decay indices. Because disruption of such subgroups would add many additional steps to the tree, this approach should be as accurate as the more-laborious approach, in which all different combinations of species 238 SYSTEMATIC BIOLOGY et al., 2000) . The tRNA Asn gene encodes a tRNA with an unusual secondary structure in Acanthosaura capra, where three bases separate the D-and AA-stems instead of the expected two bases (Macey et al., 2000) . This extra base appears to have resulted from an inserted base in the AA-stem at position 1739, and a gap was placed in all other taxa at this position. In addition, the tRNA Asn gene of Physignathus cocincinus, of all taxa sampled from Australia and New Guinea, and of the genus Ceratophora encodes a tRNA that has two bases between the D-and AC-stems instead of the expected single base (Macey et al., 2000) . Therefore, a gap is placed in all other taxa at position 1716 between the D-and ACstems.
In the tRNA Tyr gene, both Acanthosaura species sampled have a gene that encodes a tRNA with a truncated T-stem of three pairs instead of the usual five pairs (Macey et al., 2000) . In addition, standard tRNAs have at least 11 bases in the T-stem and loop region. Acanthosaura capra has only 10 bases in the T-stem and loop region, and Acanthosaura lepidogastra has only nine bases. It is unclear which unpaired bases are deleted. Hence, unpaired bases of the T-loop for this tRNA gene are placed in the loop region excluded from phylogenetic analyses (positions 1902-1908) .
Sequences range in length from 1685 to 1778 bases. The phylogenetic analyses are conducted by using 1434 alignable positions. The regions excluded from phylogenetic analyses correspond to 19% of the longest sequence (Sitana ponticeriana).
Several observations suggest that the DNA sequences reported are from the mitofrom an alternative tectonic plate are considered individually. Alternative trees are then found by using constraint trees as described in Figure 3 .
RESULTS
DNA Sequences
The aligned sequences are deposited on the Systematic Biology Website. All phylogenetic topologies resulting from this study are deposited at the end of the NEXUS file.
Most protein-coding regions are alignable, but some regions are excluded from phylogenetic analyses (see the Systematic Biology Website for details of excluded regions). In the ND2 gene, gaps are placed in the Ctenophorus decresii sequence at positions 632-634 and in the two Leiolepis sequences at positions 1109-1111 because of deleted amino-acid positions. Gaps are placed in all sequences (except the three Agama sequences) at positions 1184-1186 because of an inserted amino-acid position. In the COI gene, gaps are placed in the third amino-acid position for Basiliscus, Oplurus, both Chamaeleo, Uromastyx, and both Leiolepis (positions 1939-1941) . The fourth amino-acid position is absent from Acanthosaura capra, and gaps are placed at positions 1942-1944 .
Genes for tRNA Ile and tRNA Gln (positions 105-271) are switched in order in the two iguanid outgroup taxa to align with the acrodont ingroup taxa (see Macey et al., 1997c , for the actual gene order). The tRNA Asn , tRNA Cys , and tRNA Tyr genes encode tRNAs with unusual secondary structures in some taxa, which makes assessment of homologous sites difficult (Macey 2000 MACEY ET AL.-TETHYS MIGRATION AND ACRODONT LIZARD PHYLOGENETICS 239 FIGURE 3. Constraint trees used to find the shortest alternative tree in which the inferred historical association of a clade with a particular tectonic plate is either different from the shortest overall tree or ambiguous. In this example, six taxa (taxa A-F) collectively occupy two different tectonic regions. In the overall shortest tree, the clade is inferred to have originated on plate 1 because only species from this plate occur on both sides of the root of the clade. To identify the shortest alternative tree compatible with the historical origin of the clade in plate 2, constraint trees are made with every combination of species from the alternative tectonic region (plate 2) moved to the root (a) or adjacent to the root (b) of the clade as shown by a box on the overall shortest tree. Assignment of an ancestral area to a clade is considered not strongly supported if any alternative tree cannot be rejected statistichondrial genome and are not nuclear-integrated copies of mitochondrial genes (see Zhang and Hewitt, 1996) . Protein-coding genes do not have premature stop codons, and tRNA genes appear to code for tRNAs with stable secondary structures, indicating functional genes. Strand bias further supports our conclusion that the 60 newly reported DNA sequences are from the mitochondrial genome. These sequences show strong strand bias against guanine on the light strand (G = 10.5-14.4%, A = 31.7-39.1%, T = 21.8-26.7%, and C = 25.2-32.9%), which is characteristic of the mitochondrial genome but not the nuclear genome. The 12 previously reported sequences analyzed here all show similar functional characteristics and strand bias .
Genic Variation
Phylogenetically informative variation occurs among the three protein-coding genes, eight tRNA-coding genes, and one noncoding position (Table 2 and the Systematic Biology Website). Most of the variation and phylogenetically informative sites are from protein-coding regions (74% of informative sites). Interestingly, phylogenetically informative sites are in nearly equal proportion between first, second, and third codon positions and tRNA-encoding positions (24%, 19%, 31%, and 26% of informative sites, respectively). All eight tRNA genes contain phylogenetically informative positions in both stem and nonstem regions (20% and 6% of informative sites, respectively), and each protein-coding gene has phylogenetically informative sites in first-, second-, and third-codon positions. This observation suggests that no single class of characters is dominating the phylogenetic analysis.
Phylogenetic Relationships
Three equally most-parsimonious trees are produced from analysis of the 1434 aligned DNA sequences containing 1041 parsimony-informative base positions (Figs. 4-7 and Table 2 ; see also the Systematic Biology Website). Monophyly of the Acrodonta is well supported (bootstrap 100%, decay index 79). Within the Acrodonta, eight groups are distinguished: (1) Chamaeleo, (2) Uromastyx, (3) Leiolepis, (4) Physignathus cocincinus, (5) all Australian and New Guinean taxa, (6) Hydrosaurus, (7) a South Asian clade, and (8) an AfricanWest Asian clade. Only single representatives of Physignathus cocincinus Uromastyx and Hydrosaurus were sampled, so monophyly was not assessed for these taxa.
Support for monophyly of the other five major groups is considerable (Fig. 4) 1 are reported also for nodes relating six major agamid lineages. Phylogenetic resolution among Australian and New Guinean taxa is poor, with only a few exceptions (Fig. 5) . Amphibolurus and Chlamydosaurus are sister taxa (bootstrap 98%, decay index 14), as are Ctenophorus and Rankinia (bootstrap 98%, decay index 13). A monophyletic grouping of Caimanops, Diporiphora, Pogona, and Tympanocryptis receives weak support (bootstrap 71%, decay index 7); however, Caimanops and Diporiphora are sister taxa (bootstrap 89%, decay index 10), and Pogona and Tympanocryptis also appear to be sister taxa (bootstrap 75%, decay index 8).
Within the South Asian agamid clade (Fig. 6) , the genus Draco, wide-ranging on the Indian and Southeast Asian tectonic regions, is the sister taxon (bootstrap 99%, decay index 14) to a clade containing the Himalayan Japalura variegata and Japalura tricarinata of the Indian Subcontinent (bootWest Asia (except Chamaeleo and Uromastyx) form a clade with substantial support (bootstrap 100%, decay index 21). There is little support for phylogenetic relationships among most major groups of the Acrodonta. The phylogenetic analysis places the Chamaeleonidae as the sister taxon to the Agamidae (decay index 1). Decay indices of strap 93%, decay index 11). The sister taxon to the clade containing Draco and Himalayan Japalura contains all remaining species (bootstrap 61%, decay index 4). The three most-parsimonious trees differ only in the placement of the Sri Lankan Otocryptis and Sitana (see Fig. 6 ). One tree groups these genera as the sister taxon to all remaining taxa except Draco and Himalayan Japalura. In a second tree, Otocryptis and Sitana appear to form the sister taxon to a monophyletic Calotes (bootstrap 100%, de-242 SYSTEMATIC BIOLOGY VOL. 49 FIGURE 6. Phylogenetic relationships within the South Asian clade of the Acrodonta. This figure depicts one phylogenetic arrangement found in the three equally most-parsimonious trees derived from analysis of the 1,041 informative DNA sequence characters. Diamonds on branches denote the three alternative placements of the clade containing Otocryptis wiegmanni and Sitana ponticeriana; the position of this clade is the only difference in topology among the three shortest trees, and internal branches with a decay index of 0 produce a polytomy in the strict consensus tree. Bootstrap values are presented above branches, and decay indices are shown in bold below branches. Indian taxa span the root of the tree, and Southeast Asian taxa are nested within Indian taxa. Taxa that occur on the older accretionary block of East Asia (Japalura flaviceps and Japalura splendida) are highly nested on the tree. Asian species (Acanthosaura, Japalura flaviceps, J. splendida, and Pseudocalotes; bootstrap 78%, decay index 7). Monophyly of each of the genera Acanthosaura, Japalura (East Asian species), and Pseudocalotes is strongly supported (bootstrap 100%, decay index 53; bootstrap 100%, decay index 29; and bootstrap 100%, decay index 31; respectively). The East Asian species of the genus Japalura form the sister taxon to the Southeast Asian genus Pseudocalotes (bootstrap 99%, decay index 13), with the Southeast Asian genus Acanthosaura excluded. The phylogenetic distribution of taxa on the three most-parsimonious trees suggests an Indian origin for this clade, although a Southeast Asian origin is possible.
Within the African-West Asian clade, taxa are distributed on the Gondwanan plates of Afro-Arabia and the Indian Subcontinent (Fig. 7) . The African genus Agama is monophyletic (bootstrap 100%, decay index 84), and A. agama and A. atra are sister taxa (bootstrap 82%, decay index 9). Agama forms the sister taxon to the remaining taxa in the African-West Asian clade with weak support (decay index 1). A clade composed sively on the African (Agama and Trapelus savignii) and Arabian (Pseudotrapelus and T. persicus) plates are in a basal position on the tree. Laudakia stellio and T. ruderatus are wide ranging in the eastern Mediterranean region, occurring in northern Africa, northern Arabia, and Asia. The potentially Indian clade of L. sacra, L. nupta (wide ranging from Arabia to India), and L. tuberculata is nested on the tree.
Branch lengths obtained by using accelerated optimizations are shown in Figure 8 . FIGURE 8. One of the three equally most parsimonious trees, illustrating relative branch lengths. Branch lengths are accelerated optimizations. The asterisk indicates the branch that is placed in two different places on the other two most-parsimonious trees (see Fig. 6 ). Note that branches relating most of the Acrodonta are relatively even in length.
Most of the Acrodonta shows surprisingly even branch lengths, suggesting substitutional rate uniformity across taxa through time. In addition, this optimization provides some level of confidence in the rooting of major clades, which are separated by long branches. If these clades were rooted in incorrect positions, exceptionally long branches would appear as an artifact of the incorrect rooting point.
The association of various monophyletic groups with different Gondwanan plates is as follows:
1. Both Leiolepis species occur on Southeast Asian plates of Gondwanan origin. 2. Hydrosaurus occurs primarily on Southeast Asian plates of Gondwanan origin (only one sample examined). In this study, the ancestral area of Hydrosaurus is inferred to be with Southeast Asian blocks that broke from Australia-New Guinea, although the genus is known to occur peripherally in western New Guinea. 3. Physignathus cocincinus, which is the sister group to all Australian and New Guinean taxa, occurs on Southeast Asian plates of Gondwanan origin, which broke from the northern margin of the Australia-New Guinea plate in successive phases. 4. Australian and New Guinean taxa collectively form a monophyletic group and occupy a separated Gondwanan plate. 5. The South Asian clade contains taxa occurring on the Indian Subcontinent, primarily in a basal position to those on Southeast Asian plates of Gondwanan origin; taxa occurring on Laurasian blocks in China are highly nested. 6. The African-West Asian clade has a topology suggestive of an Afro-Arabian origin but could have had an Indian origin.
Note that the Chamaeleonidae is monophyletic and occurs on the Gondwanan plates of Africa, Arabia, Madagascar, Seychelle Islands, and India. Uromastyx occurs on the Gondwanan plates of India, Arabia, and Africa, but more sampling is needed to test alternative biogeographic hypotheses for the Chamaeleonidae and Uromastyx.
The phylogenetic results provide an area cladogram for taxa occurring on Gondwanan plates. To assess support for the inferred origin of clades on separate Gondwanan plates, phylogenetic topologies representing alternative hypotheses of plate tectonic origins of taxa are tested statistically against the three overall mostparsimonious trees (Table 3) . See the Systematic Biology Website for the three overall most-parsimonious trees and all alternative trees used in statistical tests.
Monophyly of Leiolepis.-The three overall most-parsimonious trees (A1-3), in which Leiolepis is monophyletic, are significantly shorter by the two-tailed Wilcoxon signed-ranks test than the most-parsimonious alternative trees having a nonmonophyletic Leiolepis (B1 and 2; test 1 in Table  3 ). This result supports an association of Leiolepis species with Southeast Asian plates of Gondwanan origin.
Hydrosaurus.-Hydrosaurus occurs primarily on the Southeast Asian plates of Gondwanan origin and only one sample was examined.
Clade containing Physignathus cocincinus plus Australian and New Guinean taxa.-The three overall most-parsimonious trees (A1-3), which group Physignathus cocincinus with the Australian and New Guinean taxa, are significantly more parsimonious than the shortest alternative trees separating Physignathus cocincinus from Australian and New Guinean taxa (C1-3) according to the two-tailed Wilcoxon signed-ranks test (test 2 in Table 3 ). This result suggests a vicariant split between the Southeast Asian Physignathus cocincinus and the clade containing the Australian and New Guinean taxa.
Australian-New Guinean clade.-When the three overall most-parsimonious trees (A1-3), which show a monophyletic Australian-New Guinean clade, are compared with the shortest alternative trees showing a nonmonophyletic Australian and New Guinean group (D1 and 2), this alternative is not rejected in favor of the overall shortest trees (test 3 in Table 3 ). The Australian-New Guinean clade receives considerable support, however, from the bootstrap analysis (95%) and has a decay index of 15. 49 TABLE 3 . Results of the Wilcoxon signed-ranks test for the biogeographic analysis. Asterisks indicate a significant difference between the overall shortest tree and an alternative tree. One asterisk denotes significance in the one-tailed probability test and two asterisks denote significance in the two-tailed probability test. One-tailed probabilities (P) are shown; two-tailed probabilities are double these values. A significant result indicates that the hypothesis as stated is significantly more parsimonious than its alternative. All tree topologies are identified on the Systematic Biology web site. Table 3 ). Hence, taxa in this clade appear to be associated with one of two Gondwanan regions, India or Southeast Asia.
To test whether the three overall shortest topologies (A1-3) suggesting a possible Indian origin could be distinguished from topologies suggesting a Southeast Asian origin, alternative trees were found by constraining Malaysian taxa (Aphaniotis, Gonocephalus, and Bronchocela) to be the sister group to the other taxa in this clade and finding the shortest alternatives under this constraint (F1 and 2). The alternative trees cannot be rejected as being significantly less parsimonious than the overall shortest trees (test 5 in Table 3 ). Hence, we cannot determine whether the South Asian clade is of Indian or Southeast Asian origin.
African-West Asian clade.-The three overall most-parsimonious trees (A1-3) showing an African-West Asian clade are not significantly shorter than the shortest alternative trees showing a nonmonophyletic African-West Asian group (G1-4) by the Wilcoxon signed-ranks test (test 6 in Table 3 ). This node appears strong in the bootstrap analysis (100%) and has a decay index of 21. Hence, taxa in this clade are associated with one of two Gondwanan plates, Afro-Arabia or India.
To eliminate the possibility that species located peripherally to the Indian subcontinent (Laudakia sacra, L. nupta, and L. tuberculata) might have been derived from the Indian plate, the three overall shortest topologies suggesting an Afro-Arabian origin were tested against the shortest alternative trees suggesting an Indian origin. To find the shortest alternative trees, all possible combinations of taxa were constrained to be the sister group to a clade containing the remaining species. These alternatives (H1-3), which place L. sacra as the sister taxon to all other taxa, and group L. nupta and L. tuberculata as the sister taxon to all remaining species, cannot be distinguished from the overall shortest trees (test 7 in Table 3 ). Therefore, we cannot determine whether the African-West Asian clade is of Afro-Arabian or Indian origin.
Taxonomy of the Acrodonta
Traditionally, two families have been recognized in the Acrodonta, the Chamaeleonidae and Agamidae. The Chamaeleonidae family is supported by morphological data, but the Agamidae* has little support for either monophyly or nonmonophyly ), so we continue to call it a metataxon (denoted with an asterisk), for which monophyly can be neither statistically confirmed nor rejected (Schulte et al., 1998 (Fig. 6 ) is identified as potentially being introduced into Asia by the Indian Subcontinent. The African-West Asian (Fig. 7) clade is identified as potentially being introduced into Asia by the Afro-Arabian Plate. In each case, alternative Gondwanan plates could have been used. For the South Asian clade, the Southeast Asian plates are possibly the source of Asian colonization. The AfricanWest Asian clade may have originated from the Indian Subcontinent.
Strong debate has occurred over whether the Indian Plate had intermittent contact with Afro-Arabia during northward movement across the Tethys Sea between 148 and 50 MYBP (Sahni, 1984; Briggs, 1989; Patterson and Owen, 1991; Sahni, 1984; Thewissen and McKenna, 1992) . The main point of contention has been the lack of an endemic fauna, past and present, in India. Thewissen and McKenna (1992) argue that Cretaceous fossil data from India do not establish a link to the Cretaceous African or Laurasian faunas, countering Briggs' (1989) argument that these faunas were in contact with India during its crossing of the Tethys Sea 148-50 MYBP. Our results suggest that Indian and Afro-Arabian acrodont lizards are basal groups of larger clades, some species of which have dispersed into adjacent tectonic regions after the collision of India (50 MYBP) and Afro-Arabia (18 MYBP) with Laurasia. Our findings therefore are consistent with Indian isolation during the crossing of the Tethys Sea.
The sister-group relationship discovered between Physignathus cocincinus and a clade of all the taxa occurring on the AustraliaNew Guinea plate is exactly what is predicted from a vicariant split between the Southeast Asian plates and the AustraliaNew Guinea plate. Alternatively, a dispersal event from Southeast Asia with a rapid recent radiation in Australia and New Guinea could be argued (Tyler, 1979; King 1990) . Note that the Australia-New Guinea plate was far to the south of Asia until regroups within the Agamidae that can be recognized as subfamilies. Uromastyx species can be recognized taxonomically as the Uromastycinae (Theobald, 1868) . Leiolepis species can be recognized as the Leiolepidinae (Fitzinger, 1843) . The clade composed of Physignathus cocincinus and all Australian and New Guinean taxa can be recognized as the Amphibolurinae (Wagler, 1830) . Hydrosaurus species can be recognized as the Hydrosaurinae (Kaup, 1828) . The South Asian clade can be recognized as the Draconinae (Fitzinger, 1826) . The African-West Asian clade can be recognized as the Agaminae (von Spix, 1825).
DISCUSSION
Tectonic Process for Assembly of a Continental Fauna Our phylogenetic analysis identifies eight major acrodont lizard clades, each of which is associated with tectonic plates of Gondwanan origin. We suggest that the Acrodonta are of Gondwanan origin and that the fragmentation of Gondwanaland into separate tectonic plates contributed to early cladogenic events that led to these eight major clades. These major groups of the Acrodonta diverged from each other and diversified as their respective tectonic plates moved across the Tethys Sea and made contact at different points along the southern margin of Laurasia. The different acrodont lineages then entered Laurasia, assembling a complex Asian acrodont fauna. Because of the dispersal of acrodont lizards into Laurasia after the accretion of the Gondwanan plates, the major clades of the Acrodonta no longer exhibit endemism on their respective tectonic plates of origin; however, the deepest phylogenetic divergences within each clade trace to the clade's plate of origin.
The association of some taxa with a particular Gondwanan plate is straightforward, whereas other associations are more ambiguous. Leiolepis species occur only on the Southeast Asian blocks that broke from the northern margin of the Australia-New Guinea plate hundreds of MYBP and accreted to Asia 120 MYBP (Richter and Fuller, 1996) or earlier (Metcalfe, 1996) . Hydrosaurus also occurs primarily on South-cently, and such dispersal could not have predated 10 MYBP (Hall, 1996; Metcalfe, 1996) . Also, taxa long considered to represent independent examples of dispersal from Southeast Asia to the Australia-New Guinea plate are not closely related (the two species of Physignathus, the Southeast Asian Gonocephalus, and the AustralianNew Guinean Hypsilurus).
Sequence divergence between Physignathus cocincinus and taxa occurring on the Australia-New Guinea plate provides an additional line of evidence that a vicariant split caused the divergence of these taxa. The average DNA-sequence divergence between Physignathus cocincinus and taxa occurring on the Australia-New Guinea plate is 22.2% for the pair of lineages (average of 314 substitutions, range 289-341, within the 1434 aligned positions). This divergence is twice the amount expected for a split of 10 MYBP calculated from the same piece of DNA for Laudakia , gekkonid lizards (Macey et al., 1999b) , bufonid frogs (Macey et al. 1998b) , and cyprinid fishes (Bermingham et al., 1997) . Because saturation of mitochondrial sequences occurs past 10 MYBP (Moritz et al., 1987) , this split is certainly much older. For example, the amount of sequence divergence observed between iguanid lizards in Madagascar and the New World, determined with sequences of the same segment of mitochondrial DNA with the same included regions (except no variable loop of the tRNA Asn gene; Macey et al., 1997c; Schulte et al., 1998 ) is 22.7% (average of 354 substitutions, range 275-354, within the 1405 aligned positions) and represents 160 million years of isolation (Rabinowitz et al., 1983; Chatterjee, 1992; Macey et al., 1997c) . Therefore, we interpret the split between the Southeast Asian Physignathus cocincinus and the Australia-New Guinea clade to be within about the same time frame. In addition, Physignathus cocincinus occurs only on the southeast Asian blocks that broke from the northern margin of the Australia-New Guinea plate hundreds of MYBP and accreted to Asia 120 MYBP (Richter and Fuller, 1996) or earlier (Metcalfe, 1996) ; it is absent from more recent small tectonic fragments now distributed only as far north as Sulawesi.
Uromastyx species occur on both the Indian Subcontinent and Afro-Arabia. Immunological data of Joger (1986) suggest that all Afro-Arabian species form a monophyletic sister taxon to the Indian and Iranian species. This topology suggests an Indian origin for Uromastyx, but further work is needed to reject the hypothesis of an Afro-Arabian origin.
Members of the Chamaeleonidae certainly are associated with the Gondwanan plates of Africa, Madagascar, and the Seychelle islands, where most species are found. Further work is needed to examine Asian taxa occurring in Arabia and India, which are also of Gondwanan origin, to determine whether these taxa dispersed from Africa or were carried to their current locations by individual Gondwanan plates. Figure 9 summarizes monophyletic groups that were introduced into Asia by different Gondwanan plates. Two clades (the African-West Asian clade, and Uromastyx) were introduced into Asia through either Afro-Arabia or India, and another clade (South Asian clade) was introduced to Asia either by India or Southeast Asian plates. The Southeast Asian plates introduced three additional acrodont groups to Asia (Leiolepis, Hydrosaurus, and Physignathus). The acrodont lizards in Asia therefore have different histories because of the complex tectonic evolution of land masses derived from Gondwanaland.
The pattern of clades associated with different Gondwanan plates now accreted to Asia may be a general one that could apply to additional components of the Asian flora and fauna. Detailed study using modern phylogenetic methodology is needed to test the hypothesis of a complex Gondwanan origin for other Asian taxa.
Tectonic Processes That Reinforce Wallace's Line
Wallace's line defines the division between the Australia-New Guinea fauna (Australian zoogeographic region) and that of southern Asia (Oriental zoogeographic region), with a few exceptions (for reviews see Briggs, 1987; van Oosterzee, 1997) . The sharp faunal division now observed across Wallace's line (Fig. 10) results from three the Australian-New Guinean plate 40 MYBP and the fusion of some of these plates to Sulawesi (10 MYBP), just to the east (Australian-New Guinean side) of Wallace's original line but to the west of Wallace's revised line of 1910 (see Briggs, 1987) .
Acrodont lizards show evidence for two of these processes. First, the sister-taxon relationship between Physignathus cocincinus and taxa occurring on the Australian-New Guinean plate is evidence of the primary divergence between faunas. Second, dispersal of the South Asian clade from the Indian Subcontinent to the Southeast Asian blocks secondarily introduced faunal elements to the northeastern margin of the barrier.
Other reptiles provide evidence for this process. Phylogenetic results based on mimajor events. First, the tectonic split between the Southeast Asian blocks and the northern margin of the Australian-New Guinean plate hundreds of MYBP caused a primary division between the faunas. Second, accretion of these blocks to Eurasia 120 MYBP (or earlier) and 65 MYBP allowed dispersal of the Laurasian fauna to the Southeast Asian blocks, but deep oceanic barriers prevented faunal dispersal to the Australian-New Guinean plate, which at that time was far to the south. Third, the Indian collision (50 MYBP; Windley, 1988) brought to Asia an additional fauna that dispersed into the Southeast Asian blocks, but deep oceanic barriers again prevented dispersal to the Australian-New Guinean plate, still far to the south. A final minor step is the breaking of small fragments from (Keogh, 1998) and varanid lizards (Fuller et al., 1998) both suggest a sistergroup relationship between taxa on the Australian plate and taxa on the Southeast Asian blocks. Contrary to the original conclusions of both studies, these taxa may represent evidence for primary diversification between the two Gondwanan regions rather than more recent dispersal. One argument used against early vicariance is the presence of early fossils of varanids in Laurasia (see Fuller et al., 1998) . However, this evidence can be explained easily by the continual accretion of Gondwanan fragments to the southern margin of Laurasia starting 300 MYBP (Sengör, 1984; Sengör et al., 1988; Feng et al., 1989; Kwon et al., 1989) . In addition, not a single extant varanid species is endemic to Laurasian plates. Molecular phylogenetic analysis of anguid lizards shows evidence for a Laurasian taxon dispersing into Southeast Asian blocks (as far south as Borneo) but not crossing Wallace's line (Macey et al., 1999a) . Hence, the dynamics of current biogeography in Asia are complex. Detailed study of numerous groups is needed to identify the different biogeographic histories of Asian faunal elements. 252 SYSTEMATIC BIOLOGY VOL. 49 FIGURE 10. Three major events can be responsible for the sharp faunal division now observed across Wallace's line. First, the tectonic split of Southeast Asian blocks from the northern margin of the Australian-New Guinean plate hundreds of MYBP caused a primary division between the faunas. Second, accretion of these blocks to Eurasia 120 MYBP (or earlier) and 65 MYBP allowed dispersal of the Laurasian fauna to the Southeast Asian blocks, but deep oceanic barriers prevented dispersal to the Australian-New Guinean plate, which at that time was far to the south. Third, the Indian collision (50 MYBP, Windley, 1988 ) brought a new fauna that also dispersed into the Southeast Asian blocks, but deep oceanic barriers again prevented dispersal to the Australian-New Guinean plate, which was still far to the south. A final minor step is the breaking of small fragments from the Australian-New Guinean plate 40 MYBP and the fusion of some of these fragments to Sulawesi (10 MYBP), just to the east (Australian-New Guinean side) of Wallace's original line (bar with arrows) but to the west of Wallace's revised line (bar without arrows) of 1910 (see Briggs, 1987 
